Standard one-dimensional nonlinear-wave equations are modified to accommodate the growth and coupling of nonlinear waves in droplets. The propagation direction of the nonlinear waves along the length of an optical cell is changed so that it is along the droplet rim. The model includes radiation losses because of nonzero absorption, leakage from the droplet, and depletion in generating other nonlinear waves. For multimode-laser input, the growth and decay of the first-through fourth-order Stokes stimulated Raman scattering (SRS) are calculated as a function of the phase matching of the four-wave mixing process and the model-dependent Raman gain coefficient. The Raman gain coefficient determines the delay time of the first-order SRS, while the phase matching determines the correlated temporal profiles of the multiorder SRS. Both the Raman gain and the phase matching are found to be enhanced in the droplet. The spatial distribution of the internal input-laser intensity is calculated by using the Lorenz-Mie formalism. The temporal profile of the input-laser intensity used in the calculations is identical to the experimentally observed laser time profile. The delay time and the correlated growth and decay of nonlinear waves resulting from the numerical simulation compare favorably with those of the experimental observations. Similar calculations are made for single-mode-laser input for which the stimulated Brillouin scattering (SBS) achieves its threshold before the SRS does and subsequently pumps the SRS.
INTRODUCTION
In a liquid cell, the input pump and the resultant nonlinear beams are generally assumed to be one dimensional and spatially overlapping along the copropagation direction. In a mirrorless optical cell, the growth, decay, and coupling of the nonlinear processes, such as stimulated Raman scattering (SRS) and stimulated Brillouin scattering (SBS), need not include feedback. For a liquid droplet, because of the spherical liquid-air interface, three electromagnetic and quantum-electrodynamic (QED) effects can occur. First, the internal-input intensity Iinput (at the wavelength Anput) is usually concentrated (with _102 x enhancement) in two small regions along the principal diameter just within the droplet shadow and the illuminated faces (see Fig. 1 ). Second, the generated nonlinear waves circulate around the droplet rim because the droplet acts as an optical cavity (with quality factor Q 106) for specific wavelengths that satisfy the morphology-dependent resonances (MDR's) of the droplet cavity and are within the spontaneous Raman (or Brillouin) gain profile. MDR's are usually treated as standing waves' that can be decomposed into two counterpropagating waves traveling around the droplet rim. Third, the spontaneous Raman (or Brillouin) cross sections of molecules in the droplets can be larger than those in an optical cell because of the modified density of final states for the spontaneous Raman (or Brillouin) transition rates. 2 In the droplet, the final states are the droplet-cavity modes, which are described by MDR's, while for the optical cell the final states are the continuum modes of an infinite system. 3 When a Q-switched Nd:YAG laser is operated in its single-mode option, the linewidth of the green secondharmonic output (Ainput = 532 nm) is less than that of the SBS. For most liquid droplets, the SBS threshold is -3 x lower than the SRS threshold. 4 A time-resolved study revealed a time delay between the SBS and the input-laser pulses as well as a correlated growth and decay of the SBS and the SRS pulses. The conclusion is drawn that the input-laser radiation pumps the SBS wave and the resultant SBS wave then pumps the SRS wave and becomes depleted.
When the Q-switched Nd:YAG laser is operated in the multimode option, the green second-harmonic output (Aiput = 532 nm) has a linewidth greater than the spontaneous Brillouin linewidth. Consequently, for most liquid droplets, the SBS threshold is higher than the SRS threshold, and the SRS is directly pumped by the input-laser beam. Several experiments using a multimode laser 5 7 dealt with the delay time between the various-order
Stokes SRS and the input-laser pulses. The correlated growth and decay of the jth and (j + 1)th-order Stokes SRS waves were also noted. 7 To our knowledge, there does not exist a set of nonlinear-wave equations that can describe the experimental observations of delay times and correlated growths and decays among the SBS and the various-order Stokes SRS waves in single droplets. In this paper the standard one-dimensional coupled nonlinear-wave equations for SBS and SRS in an optical cell 8 are modified to describe the growth and coupling of nonlinear waves circulating around the droplet rim. In our heuristic model the input 0740-3224/92/060871-13$05.00 © 1992 Optical Society of America 1st order Stokes SRS A)~~S 2nd order Stokes SRS Fig. 1 . Schematic of the spatial distribution of the intensity (shaded areas) and the rays of the input-laser first-and secondorder Stokes SRS waves in the droplet equatorial plane. The intensity maximum of the input-laser beam is concentrated on the shadow side of the droplet at = 0. The generated first-and second-order Stokes SRS waves are on MDR's, which are represented as two counterpropagating traveling waves or standing waves around the droplet rim. The droplet has radius a, and 4) is the azimuthal angle.
laser is assumed to be a plane wave, and the internal inputintensity distribution is calculated by using Lorenz-Mie theory. The time dependence of the input intensity used in our calculation is that of the experimentally observed time profile. The internal-input intensity used in our model is assumed to be undepleted by the nonlinear waves. Furthermore, in the model the SBS (or first-order Stokes SRS) starts from the spontaneous Brillouin (or Raman) noise. The higher-order Stokes SRS starts from both the spontaneous Raman noise and the parametric noise associated with the four-wave mixing (FWM) among the multiorder Stokes SRS waves. For each round trip around the droplet rim, the Brillouin (or Raman) wave experiences gain as it traverses the two internal high-intensity inputpump regions, which are localized just within the droplet shadow and the illuminated faces and which are along the droplet's principal diameter (parallel to the incident laserbeam direction). Because of the QED effect on the spontaneous and stimulated transition rates, 3 ' 9 the modeldependent Brillouin and Raman gain coefficients are adjustable parameters that can exceed the values normally used for the liquid cell. During each round trip, the nonlinear wave experiences losses because of linear absorption, radiation leakage commensurate with the Q of the MDR and intensity depletion resulting from nonlinear coupling to other internal waves. The delay times for SBS and SRS are deduced from the number of round trips needed to achieve a total gain' of =exp(30). With slightly enhanced values for the model-dependent Raman gain coefficient, the calculated delay times between the nonlinear waves (e.g., SBS and various-order Stokes SRS) and the laser pulse agree with the experimentally observed delay times. In addition, with enhanced phase-matching values the numerical simulation of the temporal behavior of the nonlinear waves also compares favorably with the experimental results, which exhibited correlated decay of the nonlinear pump waves and the growth of the resultant waves, e.g., the decay of the SBS and the growth of the first-order Stokes SRS as well as the decay of the jthorder Stokes SRS and the growth of the (j + 1)th-order Stokes SRS.
INTERNAL INTENSITY DISTRIBUTION IN A DROPLET

A. Spatial Distribution
The z axis is designated by the droplet-falling direction (along the vertical axis in the laboratory frame), and the x axis is designated by the input-laser-beam direction (along a horizontal axis in the laboratory frame). In the experiment the SBS and SRS signals are collected along the y axis. Input (at frequency Vinput = Ainput 1 ) is assumed to be a plane wave, and the internal-intensity distribution Ij.,Jr O, ) is calculated as a function of the radial distance r, the polar angle 0, and the azimuthal angle 4) by using the Lorenz-Mie formalism."" 2 The internal-field calculations are purposely selected so that vjnput is not on a MDR because, in all the experiments'-7 that measure the delay times and correlated growth and decay characteristics, the droplet radius is not deliberately adjusted so that the input-laser radiation (at a fixed wavelength Ainput) is on a specific MDR (i.e., on an input resonance). Because vjnput is not on a MDR, possible self-focusing of the inputlaser intensity is not included in the model. However, the SBS and all orders of Stokes SRS waves are on MDR's (i.e., on an output resonance) because the growth of these waves occurs only if the droplet acts as an optical cavity with high Q (e.g., in excess of 10). When the input radiation is The internal-field distributions of the nonlinear waves that are on an output resonance are assumed to acquire the internal-field distributions of the MDR's. For MDR's with high Q's, the internal-field intensity of MDR's is radially confined between a/m(v) and a [where a is the droplet radius and m(v) is the ratio of the index of refraction of the liquid to that of the surrounding air at an optical frequency v]. The peak of the internal intensity in the radial direction is dependent on the radial-mode order I of the MDR." In the equatorial plane ( = 90°), the MDR's, which are usually considered as standing waves, have 2n intensity peaks at 0' -' 360', where n is the MDR mode number. However, the standing-wave nature of the MDR can be decomposed as two counterpropagating traveling waves around the droplet rim. Recognizing that MDR's can be decomposed into two traveling waves is central to the modification of the standard one-dimensional nonlinear-wave equations to describe the growth and decay of nonlinear waves in droplets.
For the nonlinear waves to experience gain from Iinput(r, 0, 4), there must be some spatial overlap between the internal-intensity distribution of the MDR and that of Iinput(r, 0, ). Such spatial overlap is largest for MDR's that are localized in the equatorial plane and in all equivalent planes that are axisymmetric with respect to the x axis. Consequently, when viewed along the y axis and at an input intensity just above the SBS and SRS thresholds, the detected nonlinear waves are associated with those waves that propagate around the equator in the ±) directions and are in resonance with MDR's that have the azimuthal-mode number m equal to the mode number n (m = ±n)."i2 Experimentally, when viewed from the y axis and when input just exceeds the SBS (or SRS) threshold, the SBS (or the SRS) appears as two small green (or red) dots 4 located on the equator at x = ±a. At higher 'input, the SBS (or the SRS) appears as two green (or red) arcs 4 centered on the equator at x = ±a and extending toward the two poles at z = ±a. The detected radiation from the arc is associated with the nonlinear waves that are in resonance with MDR's that have ml < n. For simplicity, we consider in our model only those SBS and SRS waves that circulate around the equator (i.e., with polar angle 0 = 900, where the MDR has m = ±n).
The nonlinear wave, as it propagates around the equator in the ± directions, experiences a spatially nonuniform gain because Iinput(r, A) is spatially nonuniform (see Figs. 1 and 2). Furthermore, gain occurs where there is radial overlap between Iinput(r, A) and the nonlinear wave, which, being on a MDR, is radially confined within a/m(v) < r < a. The radial confinement of the MDR's in the a/m(v) < r < a region is dependent on their values. Because we do not know the I value of the MDR that is providing the feedback for the nonlinear wave, in our simulations we use a radially averaged internal-input intensity that is integrated along the r direction in the equatorial plane (0 900) and is dependent only on :
Here the Lorenz-Mie formalism is used to calculate Ii, 0 ,t(r, ) for a droplet with a = 40 Am and m(v) = 1.33. At r = 0.76a the illuminated face of the droplet has an internal-input intensity maximum.
B. Temporal Distribution
The observed temporal pulse shape of the input-laser beam 'input(t) is related to the time-averaged (input)t as follows:
Tinput fO (2) where input is the FWHM of the temporal pulse profile of Iinput(t). The normalized temporal profile of the inputlaser pulse Tinput(t) is defined as follows:
Consequently, the internal-intensity distribution in the equatorial plane as a function of the azimuthal angle and time Iinput( 4 ) , t) can be expressed as follows:
In our numerical simulation, we first consider the growth and decay of the nonlinear waves with Tinput(t) set equal to a flattop function with T input = 7 ns. Subsequently, the experimentally determined temporal behavior of the input pulse Tinput(t) is used in our calculation of the time behavior of the nonlinear waves.
WAVE EQUATIONS FOR SRS WITH A MULTIMODE PUMP
When the output intensity from the multimode laser is low, the SBS threshold is not reached. When viewed along the y axis, the SRS appears as two red dots located in the equatorial plane at x = ±a. Thus, in our heuristic model, the detected SRS waves are assumed to be associated with the nonlinear waves that are confined to the equatorial plane and circulating in the ±4) directions. In order to describe the growth and decay of multiorder Stokes SRS in a droplet, we modified the standard coupled one-dimensional nonlinear-wave equations for the generation of multiorder Stokes SRS in an optical cell. 4 The incremental length dz of an optical cell is transformed to the incremental arc at the droplet rim a do. The distance z from the front of the optical cell (z = 0) is transformed to an arc length a starting from = 0°, where Iinput(r, () has a maximum. The total number of round trips around the droplet rim is equal to 4/3600.
A. Nonlinear-Optical Wave Equations
In our model the coupled nonlinear-wave equations for the growth and decay of the first-and second-order Stokes SRS in a droplet are as follows: 
-sEinp tE1s*E2s exp(iAk 2 saO)
The nonlinear-wave equations for third-and higher-order Stokes SRS are similar to that for the second-order Stokes
The following notations are used in Eqs. (5a) and (5b): Einput, Eis, E 2 S, E 3 S, and Ejs are the internal electric fields of the input laser first-, second-, third-, and jth-order Stokes SRS, respectively; Input, IlS, I2S, and I3s are the internal intensity of the input laser first-, second-, and thirdorder Stokes SRS, respectively; v1s = Vinput -vib and For the growth and decay of the second-order Stokes SRS, E 2 S arises initially both from the spontaneous Raman noise Io2S (at v2s) generated by Ils and from the FWM process [the second term on the right-hand side of Eq. (5b)]. The initial source of E 2 S generated by the FWM process is commonly referred to as the parametric noise. For the jth-order Stokes SRS, there are also two initial sources of Ejs, one from the spontaneous Raman process and another from the FWM process. In our calculation the coupled differential equations [similar to Eqs. (5a) and (5b)] include and extend to E 3 s and E 4 S. The growth and coupling of E 58 and higher-order Stokes SRS are neglected in our model.
In the droplet equatorial plane (4 = 90°), the internal input-laser intensity has a radially averaged distribution ('input())r [see Fig. 2 (a)] and a normalized time dependence Tjnput(t). The SRS waves are assumed to circulate along the ± directions. For the first round trip around the droplet rim we numerically integrate Eq. (5), for four orders of Stokes SRS, as a function of starting from = 0 and ending at = 3600. During the second round trip around the droplet rim we integrate Eq. (5) from = 3600 to = 7200. For each round trip the stimulated Raman waves experience gain, absorption, and cavity-leakage losses, and intensity depletion resulting from generating and pumping higher-order Stokes SRS. For the first round trip the spontaneous Raman noise is assumed to be Iols = 10-12 X linput ( = 0, t) in order to be consistent with the optical-cell calculations, which also assume" that Iols = 10-12 X Iinput(t).
In our droplet calculation the value of Ils reached at the end of each round trip Serpengfizel et al. is then used as the starting value of the next round trip, thus simulating the feedback provided by the droplet. 2 2 Assuming that QED affects the spontaneous Raman transition rate and the fluorescence transition rate in the same way, the estimated ratio of the spatially averaged enhanced Raman gain coefficient gsc of a droplet cavity and the Raman gain coefficient gs of a bulk liquid in an optical cell is as follows 3 :
For MDR's with high Q's, the mode number n is bounded by x < n < m(co)x. From Eq. (8), the estimated enhancement of the Raman gain is -40 for droplets with x = 472 and MDR's with Q 106 and n x. Figure 3 shows the experimentally observed 7 time profiles of the multimode-input laser Ijnpt(t) and three orders of SRS [I,,(t), I 2 (t), and I3s(t)] in water droplets containing 5 M NH 4 NO 3 . The multiorder Stokes SRS is associated with the v vibrational mode of the nitrate ions.
EXPERIMENTAL OBSERVATIONS WITH A MULTIMODE PUMP
The following features in Fig. 3 are noteworthy: (1) the long delay time between Iput(t) and Ils(t), (2) the much shorter delay time between Ils(t) and I2s(t) as well as between I 2 m(t) and I3s(t) (similar findings of the delay times have been reported when 70-ps laser pulses are used),' (3) the valleys of Ils(t) correspond to the peaks of I2s(t), (4) the valleys of the I2s(t) correspond to the peaks of I 3 s(t), and (5) the intensity valleys do not reach zero intensity.
The long time delay of the Ils(t) pulse with respect to the Iinpu,(t) pulse can be divided into two time intervals. The first interval is from the start of the input pulse Iinput(0) to an intensity level when Iinput(t) reaches the threshold intensity that causes the overall Raman gain to be greater than the total loss. During the second interval, A is the vacuum wavelength corresponding to the MDR with mode number n. On substituting these expressions for pC()), Pvac(o)), and V, one can express the enhanced Raman gain coefficient gs,(x) in the droplet cavity relative to the gain coefficient in the bulk liquid in terms of MDR characteristics:
The ratio of two enhanced Raman gain coefficients at two different MDR's at x and x' (with respective mode numbers n and n' and quality factors Q and Q') can be expressed as l 1 s(t) builds up exponentially starting from the spontaneous Raman noise level 1ols and begins to pump the second-order Stokes SRS. The short time delay observed between the I2S(t) and Ils(t) pulses indicates that the second-order Stokes SRS starts mainly from the parametric noise [generated by the FWM process associated with Ijnput(t) and Is(t)] and, to a lesser extent, from the spontaneous Raman noise [generated by the spontaneous
Raman scattering process with I(t)].
Similarly, the short time delay between the I3s(t) and I2s(t) pulses indicates that the third-order Stokes SRS starts mainly from the parametric noise [generated by the FWM process associated with Ils(t) and I 2 s(t)] and, to a lesser extent, from the spontaneous Raman noise [generated by the spontaneous Raman scattering process with I2s(t)]. The correlations of the valleys of Is(t) and the peaks of I2s(t) as well as the valleys of 1 2 s(t) and the peaks of I3s(t) are indicative that the (j + 2)th-order Stokes SRS pulse is pumped by the (j + 1)th-order Stokes SRS pulse, which becomes depleted and requires the jth-order Stokes SRS pulse or the Iinput(t) pulse to repump the (j + 1)th-order Stokes SRS pulse. The experimental observation that the intensity valleys in Fig. 3 do not reach the zero-intensity level has never been explained. The present calculation indicates that the depth of the intensity valleys is related to the amount of phase matching among the waves involved in the FWM process.
CALCULATION OF SRS TEMPORAL PROFILES
A. Varying the Raman Gain The growth and depletion of the various-order Stokes SRS is dependent on the Raman gain coefficient gs [see Eq. (5)]. Therefore we need to investigate the dependence of the time profiles of the Stokes SRS on the Raman gain coefficient gs, of a droplet cavity, which is not the bulkliquid value gs but can be enhanced by QED effects. 3 To isolate the effect of gs, on the time profiles of all the multiorder Stokes SRS intensities Ijs(t), we initially assumed in our calculation a temporally square-shaped Ijnput(t) with a duration Tput = 7 ns. After we isolate the effect of gs, on Ijs(t), we then use the experimentally determined Ijnpt(t) in the computer simulations. The Ijn,,t&kt) is modeled by multiplying the temporal profile of the input-laser pulse Tjnpt(t) with the radially averaged internal-input intensity (Iinput(0))r [see Fig. 2(a) and Eq. (4)]. Therefore the value of the enhanced Raman gain gsc will be dependent on the value of the radially integrated internal-input intensity. For the calculated results shown in Figs. 4-6 , the wave-vector mismatches Akjs for all the FWM processes is selected to be equal, i.e., Figure 4 shows Ils(t), I2s(t), and I 3 s(t) for the squareshaped Iput(t) with a time-averaged intensity of (Iinput)t = 0.8 GW/cm 2 . The Raman gain gs = 0.31 cm/GW is selected so that the overall gain for the first-order Stokes SRS is slightly greater than the total loss. After Ijnput(t) is on, the delay of Ils(t) is associated with the exponential 
(t)
. 
(b) and 4(c) indicate that the rise of I2s(t) is correlated to the decrease of Ils(t). Similarly, Figs. 4(c) and 4(d) show that the rise of I 3 S(t) is correlated to the decrease of I 2 S(t).
At (Iinput)t = 0.8 GW/cm2, our calculation indicates that I4s(t) never achieves the SRS threshold and that, consequently, there is no intensity depletion for I3s(t). Therefore, after Ii.,ut(t) is off, I3s(t) decreases with a decay time T3s = Q/2v-cv3s, which is characteristic of the leakage of a wave in resonance with a MDR.
When Because the appearance of the first pulses of Ils(t), I 2 s(t), and I3s(t) are well within the duration of Ijpt(t) (see Fig. 5 ), the decay of these first pulses results mainly from the depletion associated with generating the next-higherorder Stokes SRS [except the generation of I 5 s(t)]. The decay of the second pulse of Ils(t) [see Fig. 5(b) ] is again due to the depletion effect. However, the decay of the second pulse of I2s(t) [see Fig. 5(c) ] is not caused by intensity depletion because Fig. 5(d) shows that the second I 3 s(t) pulse did not have time to grow before Iinput(t) was off. Consequently the decay of the second pulse of I 2 S(t) is caused mainly by the cavity leakage L 2 S, since in our model we also assumed that L 2 s > a2S- Figure 6 shows the temporal profile of Ils(t) as a function of increasing gsc (in increments of Agsc = 0.02 cm/GW), starting from gsc = 0.15 cm/GW and ending at gsc = 0.65 cm/GW. Input(t) is still selected to have a square-shaped time profile with 1input = 7 ns and (IinPut)t = 0.8 GW/cm 2 . Throughout the computer simulation,
3 T m' or (lcoh)jS = (lcoh)bulk = 103 /_tm. Note that the SRS threshold of Ils(t) is not reached for gs < 0.23 cm/GW. As the Raman gain is increased from gs, = 0.23 cm/GW to gs, = 0.31 cm/GW, the exponentially rising portion of Ils(t) steepens, the peak value of Ils(t) increases, and the I 2 s(t) pulse (not shown) remains weak. As Raman gain is increased beyond gsc = 0.31 cm/GW, the falling portion of the first Ils(t) steepens, because more I2s(t) is generated, and the appearance of the second Ils(t) pulse is evident. Similar observations are noted on the rising and falling portion of the second Ils(t) pulse as the Raman gain is increased beyond gsc = 0.31 cm/GW. For gs, > 0.61 cm/GW, the third Ils(t) pulse appears. Not shown are the correlated growth of I2s(t) and I 3 s(t), both of which appear soon after the end of each Ils(t) pulse.
B. Varying the Phase Matching
Unlike the Raman gain, the phase matching (or the wavevector mismatch) is not model dependent. lated assuming that Ak = 10i m-' (shown in Fig. 7) resemble the experimentally observed pulse shapes (shown in Fig. 3 ) better than those calculated assuming that Ak = AkbUlk = 10%-m-' (shown in Fig. 5 ). Consequently because Ak affects the time profiles of multiple SRS pulses, we conclude that the FWM processes are important in coupling the various-order Stokes SRS in droplets. Furthermore, because decreasing Ak improves the agreement between the calculated and the experimentally observed time profiles of multiple SRS pulses, we conclude that the phase matching of nonlinear waves in resonance with MDR's is better than the phase matching of nonlinear plane waves in an optical cell, i.e., Ak < Akbulk-
The concept of phase matching in a droplet is meaningful only if the nonlinear waves generated at one region can be partially retained in the droplet (or not leak from the droplet) and, thereby, be summed coherently at another region of the droplet. Because the radiation leakage from the droplet is often expressed in terms of a cavity lifetime (T = Q), it is convenient to express phase matching by a coherence time 'Tcoh, which can be defined as 
As Ak is decreased from the bulk value Akb,1k = 103% Figure 8 shows the evolution of 1 1 s(t) as Ak is decreased from AkbUIk = 103% m'1 to Ak = 0.1r m'1 for a fixed square-shaped input pulse with (Ijnput)t = 0.8 GW/cm 2 , T input = 7 ns, and Raman gain gsc = 0.45 cm/GW The dominant effects of increasing Tcoh (or decreasing Ak) are to raise the valley intensity of Ils(t) and to depress the peak intensity of Ils(t) (see Fig. 8 ) and also I2s(t) and I 3 s(t) (not shown). Note that the selected Raman gain coefficient for the droplet is 3x larger than that for the cell (see Table 1 ). This enhanced Raman gain coefficient value is dependent on the assumption that the MDR has a flat radial intensity distribution in the a/m(v) < r < a region.
In our model we averaged the internal-pump intensity along the r direction in the a/m(v) < r < a region and used the radially averaged value of the internal input-laser Table 1. of the particular MDR. Such an overlap integral of the internal input-laser intensity and the MDR would result in a different enhancement factor for each MDR within the Raman gain profile.
C. Simulation of the Experimental Results
Having investigated the separate roles of gs and Ak with a square-shaped input-laser pulse Iinput(t), the experimentally observed time profile Iinput(t), shown in Fig. 3(a) , is now used in our numerical simulation. Figure 9 (a) shows
Iinput(t) used to calculate Ils(t), I2s(t), and I3S(t) [shown in
Figs. 9(b), 9(c), and 9(d), respectively]. When we select gs, = 0.45 cm/GW and Ak = 2.18 m'1 (corresponding to Tcoh = 6.39 ns), the calculated I1s(t), I 2 s(t), and I3s(t) pulses (see Fig. 9 ) compare reasonably well with the observed time profiles of Iis(t), Is(t), and I 3 s(t) (see Fig. 3 ). For the calculated results shown in Fig. 9 , all the other parameters needed in Eq. (5) are tabulated in Table 1 .
WAVE EQUATIONS FOR SBS AND SRS WITH A SINGLE-MODE PUMP
When a single-mode laser is used to irradiate micrometersize droplets, the SBS threshold is 3X lower than the SRS threshold. When viewed along the y axis, the SBS appears as two green dots located in the equatorial plane at x = ±a. Thus, in our simulation, the detected SBS waves are assumed to be associated with the nonlinear waves that are confined to the equatorial plane and circulating in the ± directions. In order to describe the growth and decay of the SBS intensity IB(t) as well as Ijs(t) in a droplet, we modified the coupled one-dimensional nonlinear-wave equations for the generation of SBS and multiorder Stokes SRS in an optical cell.
8 " 4 As we did previously for the multimode input-laser pump case, we transformed the incremental length dz of an optical cell to the incremental arc length ad4) at the droplet rim. The distance z from the front of the optical cell (z 0 0) is transformed to ao starting from = 00, where Iipujr o) has a maximum. The total number of round trips around the droplet rim is equal to 4)/3600.
A. Nonlinear-Optical Wave Equations
We attempt to simulate the observed time profiles of IB(t) and Iis(t) by modifying the coupled one-dimensional wave equations for the generations of SBS and SRS in an optical cell. The following wave equations 8 
In addition to the notations used in Eqs. (5a) and (5b), the following new notations are used: gB is the Brillouin gain coefficient; B = Vinput -Vac is the Brillouin frequency, where Vac is the acoustic-wave frequency; aB is the linear absorption loss at the Brillouin frequency vB; LB is the droplet-cavity loss because of the leakage of SBS from the droplet; EB is the SBS electric field; IB is the SBS intensity; and the waves of the SBS and the SRS inside the droplet. The intensity of the input-laser beam is concentrated mainly on the shadow side of the droplet. The generated SBS and SRS waves are on two different MDR's, which are both localized around the droplet rim but have different radial distributions. The SBS wave vector kSBS is always tangent to the droplet rim. The angle 4OB between the input-laser wave vector kinput and kSBs affects B and gB.
The same numerical methods used in calculating the time profiles of Ijs(t) with a multimode Ijpt(t) can be repeated for the case of the single-mode Iinput(t) pumping IB(t), and Iinput(t) together with IB(t) pumping Ils(t).
B. Brillouin Frequency Shift and Gain
In contrast to the Raman frequency Vis, which is a property of the medium and constant throughout the droplet, the Brillouin frequency B is a function of the acoustic phonon wave vector kac and frequency aC, which are not constant throughout the droplet. The Brillouin frequency VB= Vinput -Vac is dependent on the angle between kinput and the wave vector of the Brillouin wave kB. The maximum B occurs for backward scattering (B = ir) and is related to the input-laser frequency VinpUt as follows 8 2 3 :
where
In the droplet, B starts from the spontaneous Brillouin noise B (at B), which is generated predominantly in the region of enhanced laser intensity Iinput(k = 0) inside the droplet. Based on spontaneous Brillouin and Raman scattering experiments in an optical cell, 23 gB > gs. In droplets, gB is also deduced to be greater than gs because the threshold for SBS is lower than that for SRS and the delay time of the IB(t) pulse is shorter than that of the I 1 s(t) pulse. ' The depletion of EB because of pumping SRS is described by the (-gsvBIsEB/ 2 vS) term in Eq. (la). The coupled wave equation for Es [see Eq. (lib)] now incorporates the gain from the SBS pump (gSIBEls/2 term) and the single-mode input-laser pump (gsIinputEjs/2 term). Similar to the wave equation for the multimode IptW pumping Is(t), the depletion of Es is caused by pumping
I2s(t) [-gsI 2 sEjs/2 term in the Eq. (lib)]. The Ils(t)
starts from the spontaneous Raman noise Ils (at v 1 s) that is generated in the following two regions: (1) the two localized regions of enhanced laser intensity Iipj(ck, t) inside the droplet (see Fig. 2 ) and (2) a uniform region around the droplet rim where the SBS waves are confined.
The wave equation for E 2 S, with single-mode input-laser pumping, remains the same as Eq. (5b) with multimode input-laser pumping. The FWM process involving E 2 is incorporated into the second term on the right-hand side of Eq. (la). The third terms in Eqs. (la) and (b) are FWM terms associated with the jth-order Stokes SRS, where j 3. For the generation of the jth-order Stokes SRS, there are always two initial sources of Ejs, one from the spontaneous Raman noise and another from the FWMrelated parametric noise. In our simulation, with singlemode input radiation, we neglected the growth of E 3 s and higher-order Stokes SRS waves. Figure 10 illustrates the rays of the input-laser beam
The acoustic wave vector for backward scattering is kaC(5OB = 7). Table 2 . To achieve reasonable agreement with the experimental time profiles (shown in Fig. 11 ), the Raman gain coefficient is ad- In contrast to the Raman gain coefficient gs, which is constant (although enhanced to gsc) near the droplet rim, the Brillouin gain coefficient gB is a function of kac and vac and therefore is not constant near the droplet rim. The experimental value 8 determined in an optical cell is gB(4B = 7) = 13.0 cm/GW with kinput = 632.8 nm.
The QED effect, which can enhance the Raman gain gs of liquids in the form of micrometer-size droplets, can also enhance the Brillouin gain gB. However, there may be differences between the QED treatment of the Raman and Brillouin processes. For the Raman case, the homogeneously broadened vibrational linewidth (i.e., with optical phonon lifetime limited) is typically Avvib 10 cm'1. Thus the Brillouin process is in the critical coupling QED regime, 3 while the Raman process is in the strongcoupling QED regime. Consequently the QED enhancement factor for gB may not be the same as for gs. Because we are not able to estimate the QED enhancement factor, we should treat the Brillouin gain gBc in the droplet cavity as an adjustable parameter in our model. For the Raman case it is always possible to find MDR's within the spontaneous Raman linewidth (10 cm-') because the density of MDR's"1 is typically two MDR's within a 1-cm-l interval. So the QED can enhance the maximum of the Raman gain profile gs (v) . For the Brillouin case, even the inhomogeneously broadened Brillouin linewidth AVac(A0B) 0.1 cm-' is less than the average spacing of MDR's. Thus it is not always possible to find MDR's within the Brillouin linewidth. The QED can enhance the Brillouin gain gB(v) only if there is some frequency overlap between the inhomogeneously broadened Brillouin gain profile and a MDR, which may not necessarily be at the frequency corresponding to the maximum of gB (v) . Depending on the frequency overlap of the MDR and the Brillouin gain profile, only a fraction of the kinput is effective in pumping the SBS. Consequently the effective Iinput ( 4 ) ) for pumping the SBS in the single-mode laser experiment can be lower than that for pumping the SRS in the multimode-laser experiment.
During the round trip in the ±4 directions around the droplet rim, the SRS wave experiences a +-dependent Raman gain because of the 4 dependence of linput(4) and a +-independent gain because IB ( 4 ) ) is on a MDR. However, the SBS wave experiences a +-dependent gain not only because of Iinput ( 4) ) but also because the Brillouin gain coefficient gB is dependent on OB. In our numerical simulation of the nonlinear waves in a droplet, we assumed a constant angularly averaged gBc because we are unable to account for the 4 dependence of gBc. Consequently we assumed that the overall Brillouin gain and Raman gain depend only on IinpUt( 4 ) ).
EXPERIMENTAL OBSERVATIONS WITH A SINGLE-MODE PUMP
When the second-harmonic output of a single-mode Q-switched Nd:YAG laser is used to irradiate ethanol droplets, the observed SBS spectra are analyzed with a Fabry-Perot interferometer. 4 The temporal profiles of the laser, SBS, and SRS pulses from ethanol droplets are simultaneously detected with a streak camera. The first SBS pulse always occurred earlier than the first SRS pulse, i.e., the time delay between IB(t) and Iin,.t(t) is shorter than that between I 1 s(t) and Ii,,ut(t). Furthermore the subsequent pulses of SBS and SRS are tempo-. rally correlated; i.e., the minimum of the (n + 1)th SBS pulse occurs when the nth SRS pulse reaches a maximum. The experimentally observed 4 time profiles of Iinput(t), IB(t), and Iis(t), all with a single-mode input laser, are shown in Figs. 11(a), 11(b) , and 11(c), respectively. In Eq. (11) the SRS wave is assumed to be pumped by the SBS wave as well as by the input laser. On the basis of our numerical simulations, we deduced that strong correlation between the SBS and SRS pulses exists only if the SBS wave mainly pumps the SRS wave. That is, the SRS wave is only weakly pumped by the input laser. In fact, a similar deduction can be made from the experimental results. 4 Note from Fig. 11 (c) the first SRS pulse reaches a maximum after the first SBS pulse is depleted, and the more intense second SRS pulse occurs after the second SBS pulse is depleted.
CALCULATION OF SBS AND SRS TEMPORAL PROFILES
CONCLUSIONS
We modified the standard one-dimensional coupled nonlinear-wave equations in an optical cell to accommodate the droplet geometry and the droplet-cavity characteristics. We used a heuristic model to simulate the generation and coupling of nonlinear waves in droplets. In particular, we calculated the time profiles of various orders of Stokes SRS pulses and of SBS pulses from droplets. The agreement between the calculated and the experimentally observed delay times as well as the correlated growth and decay of nonlinear pulses is reasonable if the gain coefficients and the wave-vector mismatch are two adjustable parameters.
For multimode-laser input, the growth and decay of the first-through fourth-order Stokes SRS are calculated as a function of the Raman gain coefficient and wave-vector mismatch for FWM. Raman gain coefficient is adjusted until the calculated and the experimentally observed delay time between the first-order Stokes SRS pulse and the input-laser pulse agree. The adjusted Raman gain coefficient is noted to be 3x larger than the Raman gain coefficient for nitrate ions in an optical cell of water. It is uncertain at this time whether the enhancement of the Raman gain coefficient in droplets is consistent with that predicted from QED enhancement effects. The enhanced Raman gain coefficient value is dependent on the assumption that the MDR, which provides the necessary feedback for the nonlinear waves, has a flat radial distribution in the a/m(v) < r < a region of the droplet. A model using the actual radial-intensity distribution of the MDR would have resulted in a different enhancement factor. The wave-vector mismatch (or the coherence time) for the FWM process is adjusted until reasonable agreement is achieved between the calculated and the experimentally observed temporal correlation among the various-order Stokes SRS. The adjusted coherence time is noted to be 10 3 x longer than for water in an optical cell. The improvement of Ak (or the coherence time) is an indication that phase matching among droplet MDR's is improved relative to phase matching among plane waves in an optical cell of water.
For single-mode laser input, the growth and decay of the SBS and SRS are calculated as a function of the angleaveraged Brillouin gain coefficient. The Brillouin gain coefficient is adjusted until the calculated and the experimentally observed delay times between the SBS pulse and the input-laser pulse agree. The optimum angle-averaged Brillouin gain coefficient is 0.2X the maximum Brillouin gain coefficient gB(GB = v) measured in the backscattering direction in an optical cell of ethanol. This decrease of the Brillouin gain coefficient for a droplet may be caused by the angular spread of the (AB and the possibility that the MDR is not at the maximum of the inhomogeneously broadened Brillouin gain profile. The numerical simulation is consistent with the experimental observation that the SBS wave is more effective than the inputlaser beam (unfocused and not on an input resonance) in pumping the SRS wave. We thank D. Q. Chowdhury of Clarkson University and Yale University for many helpful discussions.
